Abstract. Certain of the ISEE-1 observations between the plasmasphere and the auroral zone have revealed the emission cone of auroral kilometric radiation (AKR) unaffected by plasmaspheric refraction. At some distance from the source, this cone produced a sharp low-frequency boundary in the AKR signals, which was displaced above the cyclotron frequency. The variation of this boundary, plus other aspects of the AKR signals, indicated that the AKR emission cone closed toward a hollow, roughly forty-five degree limit cone with decreasing frequency, duplicating the behavior previously found with ISIS-1 at the opposite end of the AKR spectrum.
INTRODUCTION
The distant radiation pattern of auroral kilometric radiation (AKR) exhibits a plasmaspheric shadow at the equator, which led Gurnett [1974] to conclude that AKR must originate relatively close to the earth at high latitudes. A later statistical study, using the Hawkeye and IMP-8 satellites, revealed a uniformly-filled distant radiation cone at 56.2, 100, and 178 kHz, which tended to close at the lower frequencies [Green et al., 1977] . This cone was attributed to source beaming, modified by wave refraction as the radiation propagated outward. The ISIS-1 source observations for specific cases of AKR at higher frequencies [Benson and Calvert, 1979; Calvert, 1981a] suggested that the beaming could be explained by emission initially perpendicular to the magnetic field and wave refraction quite near the source. However, the ISIS-1 analysis also implied a hollow emission cone (at 450 kHz) and suggested that the radiation favored a forty-degree angle to the magnetic field at the highest AKR frequencies (700 kHz). In other words, the radiation pattern appeared to contract toward a thin limit cone with a unique, non-zero apex angle, rather than collapse toward the radiation axis. The purpose of this article is to report specific observations with ISEE-1 which indicate a similar behavior at the opposite end of the AKR spectrum.
It is convenient to characterize the AKR radiation process in three stages: (1) the initial angular and spatial properties of the source, (2) the intermediate radiation pattern which is produced by wave refraction quite near the source, and (3) the distant radiation pattern, including the modifications produced by subsequent wave refraction in the polar cap or plasmasphere. For instance, the ISIS-1 studies indicated that the initial emissions at a given frequency were roughly perpendicular to the magnetic field and that the nearby wave refraction would bend the ray paths upward to produce a conical intermediate pattern. However, since those components originating lower in the source are closer to wave cutoff and thus bent more, all of the ray paths eventually cross over one another. The pattern thus turns 'inside out' so that, at some distance above the source, the inside ray paths correspond to the lowest initial emission, and the outside to the highest. The intermediate radiation pattern at each frequency is thus expected to be a hollow cone with its inner and outer angles determined by the initial height range for the emissions at that frequency. Finally, this hollow cone could become distorted by the plasma structures subsequently encountered on the way out of the magnetosphere, such as that which produces the equatorial plasmaspheric shadow.
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Until AKR was detected with ISIS-l, only its distant pattern had been examined, using the wave data from a number of remote satellites [Gurnett, 1974; Kurth et al., 1975; Alexander and Kaiser, 1976; Green et al., 1977] . The ISIS-1 observations of AKR source encounters then provided a unique opportunity to study the initial emission and intermediate pattern, and they yielded the above picture, consistent in most respects with the previous conclusions about the origin of AKR. Unfortunately, a direct comparison at the same frequencies was not then possible, primarily because of ISIS-I's low orbit, Hawkeye's limited frequency coverage, and the equatorial location of all the other satellites. This left a number of questions unanswered. For instance, it was uncertain whether the low-frequency cone closure reported by Green et al. [1977] should be attributed to the AKR source or to the subsequent refraction, and whether it was related to the high-frequency closure discovered with ISIS-1. Also, the analysis of Green et al. [1977] produced no evidence for a hollow cone like that observed with ISIS-l, and it was unclear whether this could be attributed t• the different source frequencies, or whether the hollow cone was obscured by either plasmaspheric refraction or the averaging procedure they used.
Although the ISEE-1 orbit occupies low geographic latitudes, it occasionally reaches sufficiently high magnetic latitudes to observe the intermediate AKR radiation pattern at the same frequencies as Hawkeye. The wave data for two such instances will be presented below, from which it will be possible to deduce the low-frequency behavior of the intermediate radiation pattern.
OBSERVATIONS
The ISEE-1 wave receiver [Gurnett et al., 1978 ] includes a swept frequency analyzer which scans the frequency interval from 100 Hz to 400 kHz in 32 seconds with approximately six percent resolution. It yields frequency-time spectrograms on which the stronger wave signals appear as darker areas. The spectrograms to be presented will be labeled with the magnetic local time (MLT), magnetic latitude (MLAT), geocentric distance (R/Re), and the universal time (UT) at which they were recorded.
On the ISEE-1 spectrograms, AKR usually appears as strong, irregular signals between 50 and 400 kHz, which occur in bursts lasting from tens of minutes to a few hours. In the distant observations, these signals commonly exhibit a iagged low-frequency boundary. However, in the cases to be presented here, the satellite was situated between the source and the plasmasphere, near the edge of the auroral plasma cavity [Calvert, 1981b] . Under such circumstances, the AKR signals sometimes extend to atypically low frequencies and exhibit a smooth lower boundary which is attributed to the equatorward edge of the intermediate radiation pattern. In other words, the special cases presented here pertain to occasions where ISEE-1 was close enough to observe the AKR source directly and to avoid the subsequent refraction of the plasmasphere. The figure inset shows the orbit of ISEE-1 relative to the auroral plasma cavity previously found with Hawkeye [Calvert, 1981b] . Although the current wave data suggested a somewhat broader cavity, the observed variation of plasma frequency is reasonably consistent with an extrapolation of the Hawkeye density contours and with the conclusion that ISEE-1 had entered the equatorward edge of the cavity. The assumed AKR source locations for four frequencies are also shown in the inset, situated at 70 ø invariant latitude and at the altitudes of the corresponding cyclotron frequencies. The equatorward edges of the radiation pattern were drawn from these locations to intercept the orbit coincident with the observed AKR boundary at the same frequencies. For a source at unknown longitudes, they constitute proiections into the magnetic meridian of the satellite and thus can be expected to yield only lower limits for the actual radiation angles if the radiation was oblique to than (as was the case here) the radiation angles for specific instances of AKR. This, plus their assumption of a dipolealigned earth-centered source, might easily have obscured the hollow limit cone. Furthermore, their analysis would tend to favor the weaker (but probably more typical) occurrences ot AKR, and these might well have exhibited smaller cone angles than the special cases which produced the analyzable ISEE-1 signatures. On the other hand, the smaller Hawkeye angles could also indicate either an asymmetric radiation pattern which favored the equatorward directions accessible with ISEE-1 or else plasmaspheric refraction which folded the radiation pattern in upon itself.
CONCLUSIONS
For certain orbits of the ISEE-1 satellite, during which it reached high magnetic latitudes, it was possible to measure the AKR emission pattern below 200 kHz, unaffected by plasmaspheric refraction. The outer edge of this pattern produced a distinctive signature on the ISEE-1 wave spectrograms with a smooth lower boundary. On the assumptions that the source occurred at the cyclotron frequency in the center of the auroral plasma cavity, and that the radiation axis was aligned with the magnetic field-strength gradient, this lower boundary may be used to measure the emission cone angles. As illustrated in figure 3, the emission cone was found to close with decreasing frequency. At the lowest frequencies, of 30-50 kHz, the pattern appeared to approach a thin hollow limit cone with a half-angle of around 45 ø . This behavior duplicates that deduced from the ISIS-1 observations in the source region, at the opposite end of the AKR emission spectrum. Although the closure with decreasing frequency was observed by Green et al. [1977] , the hollow limit cone at low frequencies is a new feature, not previously reported. It was apparently either obscured by plasmaspheric refraction or lost in the particular averaging procedure they used to analyze the Hawkeye wave data.
